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impairment in endothelial function when it is infused in
angiographically normal arteries; the endothelial dys-
function is shown by an aberrant vasoconstrictive
response that is due to the lack of release of nitric oxide
by the endothelial cells.6 Endothelial dysfunction has
been associated with the development of atherosclero-
sis.7 Any alteration in acetylcholine-induced response
can be seen as a risk indicator for early atherosclerosis
in the LITA after CABG, and conversely, preserved
endothelial function suggests functional integrity of the
LITA.8 However, there is no current agreement about
the factors that could affect the functional integrity of
the grafted LITA.
The aim of this study was to verify whether the
endothelial function of the LITA was preserved and to
identify factors that could affect its functional integrity
after CABG.
Methods
Study design. To verify whether the endothelial function of
the LITA was preserved after CABG, we performed a
provocative test with acetylcholine in patients who underwent
routine postoperative coronary angiography. In addition, to
T he left internal thoracic artery (LITA) shows anexcellent long-term angiographic patency after
coronary artery bypass grafting (CABG)1,2; this entails
good long-term results in terms of cardiac event-free
survival.3,4 The normal biologic properties of the
endothelium can guard the grafted LITA from thrombus
formation and vasospasm.5 Acetylcholine, an endotheli-
um-dependent vasodilative mediator, is able to detect
Objective: To study the endothelial function in the left internal thoracic artery
after coronary artery bypass surgery and to identify predictors of early dys-
function, we performed a provocative test with acetylcholine in 23 male
patients who underwent routine postoperative coronary angiography.
Methods: The change in mean diameter of the proximal thoracic artery was
assessed by quantitative angiography after selective injections of acetyl-
choline and nitroglycerin.
Results: The thoracic artery showed a 6.8% (P < .001) and 9.0% (P < .001)
increase in mean diameter after acetylcholine and nitroglycerin administra-
tion, respectively. Vasodilative responses to acetylcholine and nitroglycerin
administration were strongly correlated (R: 0.88; P < .001). Among the com-
mon risk factors, only age was associated with an impairment in the
vasodilative response of the arterial graft (P = .001), and acetylcholine-
induced vasodilation was inversely correlated to the age of the patient 
(R: 0.69; P < .001).
Conclusions: Endothelium-dependent vasodilative response to acetylcholine
administration seems well preserved in the left internal thoracic artery after
surgery. Common risk factors, except for age, do not affect the functional
integrity of the arterial graft. The vasodilative properties of the graft depend
on the age of the patient and do not deteriorate over time after operation. 
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identify any possible predictor for endothelial dysfunction,
we studied the association between the patients’ characteris-
tics, including risk factors for coronary artery disease, and the
LITA response to vasoactive agents. The design of the study
was prospective. Consecutive patients who were undergoing
postoperative angiographic investigation as part of other
angiographic follow-up studies were asked to enter this study
when they complied with the following inclusion criteria:
aged between 18 and 80 years, first coronary operation, and
an uncomplicated postoperative course. Exclusion criteria
were the presence of left ventricular dysfunction (ejection
fraction < 40%), atherosclerotic vascular disease involving
the supra-aortic branches, renal dysfunction (blood creatinine
level ≥ 2.0 mg/dL), and unstable or progressive angina during
the 3 months preceding the examination.
The study design was approved by the institutional review
board, and patients gave informed consent to the study.
Patients. From January 1998 until June 1999, 23 male
patients (mean age 64.5 ± 7.4 years) entered the study and
were submitted to an angiographic follow-up investigation
after CABG. The mean age of the graft at follow-up (time
since operation) was 30.5 ± 19.3 months (range, 6-60
months). Clinical features of the patients at the time of fol-
low-up are shown in Table I. Common risk factors, which
were present at the time of operation, are also shown in Table
I. Patients were identified as having hypercholesterolemia,
hypertension, or diabetes, respectively, when low-density
lipoprotein cholesterol level was 100 mg/dL or higher or the
patient was receiving lipid-lowering medication; blood pres-
sure level was 140/90 mm Hg or higher or the patient was
receiving antihypertensive medication; total glycosylated
hemoglobin level was 10% or more or the patient was receiv-
ing oral glucose-lowering or insulin treatment. Those patients
who smoked more than 5 cigarettes per day at the date of
operation or who had quit smoking cigarettes less than 1
week before were classified as smokers. The previous occur-
rence of myocardial infarction in the grafted area was also
assessed. No restriction was given for drug regimen, includ-
ing the use of angiotensin-converting enzyme inhibitors,
angiotensin-II antagonists, and statins; all patients were
receiving aspirin therapy.
Surgical technique. All patients underwent elective pri-
mary coronary operations for the treatment of multivessel
coronary artery disease. Standard cardiopulmonary bypass
and cardioplegic arrest were used. All LITAs were harvested
as pedicled grafts from their origin at the subclavian artery
down to the bifurcation, by means of electrocautery and sur-
gical clips.9 All LITAs were anastomosed onto the left ante-
rior descending artery system; single or sequential anasto-
moses were performed on a per-patient evaluation basis.
Acetylcholine test. Nitrates, calcium antagonists, and β-
blockers were discontinued at least 24 hours before the
acetylcholine test. The angiographic study was performed by
a femoral approach; 6F common diagnostic catheters and ITA
or Judkins right diagnostic catheters (Cordis BV, Roden, The
Netherlands) were used, respectively, for native vessels and
for selective injections in the LITA. The nonionic contrast
dye chosen for angiography was Iohexol (Omnipaque 350;
Nycomed BV, Breda, The Netherlands). Native vessels and
LITA were filmed in at least 2 orthogonal projections.
The acetylcholine test was performed after the routine
angiographic investigation; a fixed radiologic projection was
selected, and angiograms of the LITA were acquired as base-
line references. Acetylcholine was selectively injected in the
LITA, starting with 2 subsequent test dosages (10–8 and 10–7
mmol/mL); when no individual hypersensitivity to the drug
was assessed, the desired effective dosage (10–6 mmol/mL ×
3 minutes) was administered, and angiograms were acquired
within 1 minute after the end of the infusion. A bolus (500
µg) of nitroglycerin was administered into the LITA (with a
washout period of 5 minutes after the end of the acetylcholine
infusion), and angiograms were acquired again. The electro-
cardiogram and systemic blood pressure were continuously
monitored during the examination. Images were digitally
stored for the postprocessing analysis.
Quantitative coronary angiography. All images were
analyzed by means of the computerized automatic system
Quantocor QCA (CAAS II) version 3.0 (Pie Medical
Imaging, Maastricht, The Netherlands), which provides an
intraobserver and interobserver variability for computed ref-
erence diameters of less than 10–1 mm.10 End-diastolic
frames were chosen from each angiographic sequence for
quantification analysis. Measurements were performed in the
proximal LITA, where a segment, at least 3-cm long and at
least 3-cm distal from the ostium, was selected for serial
analysis; side branches, metallic clips, or other anatomic ref-
erences were used to obtain fixed coordinates. A variability in
the length of the selected segment of less than 10% was
accepted. The tip of the catheter was used as a scaling device;
an automatic contour detection was performed, and the mean
diameter of the selected segment was calculated in each
sequence. A mean of 3 repeated measurements was per-
formed for any segment to minimize the error in the assess-
ment of the vessel diameter.
Statistical analysis. All data were collected in a cus-
tomized database and processed with the use of the SPSS
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Table I.  Clinical features of the patients (n = 23
patients) and atherosclerotic risk factors
Age of patients (y) 64.5 ± 7.4
Age of graft at follow-up (mo) 30.5 ± 19.3
No. of LITAs used as a sequential graft (%) 7 (30)
LVEF (%) 51.6 ± 9.3
No. of patients receiving ACE inhibitors (%) 8 (35)
No. of patients receiving statins (%) 11 (48)
No. of patients with a previous history of:
Hypercholesterolemia (%) 9 (39)
Systemic hypertension (%) 7 (30)
Diabetes mellitus (%) 3 (13)
Smoking (%) 10 (43)
MI in the grafted area (%) 6 (26)
LITA, Left internal thoracic artery; LVEF, left ventricular ejection fraction;
ACE, angiotensin-converting enzyme; MI, myocardial infarction.
8.0 for Windows statistical package (SPSS Inc, SPSS, Inc,
Chicago, Ill). Descriptive statistics are expressed as mean
values ± SD or as percentages. Because acetylcholine is an
endothelium-dependent vasomediator and nitroglycerin is
an endothelium-independent vasomediator, they were con-
sidered as 2 different treatments, and their effects on the
vasomotility of the LITA were separately analyzed. The
paired Student t test was performed to compare values for
the mean diameter of the LITA after treatments with base-
line values. To determine the predictive factors of diame-
ters changes after treatment versus baseline, we performed
univariate regression analysis with clinical features and
common risk factors. Variables with a probability value of
less than .20 were selected for the multivariable regression
analysis to derive a model with statistically significant fac-
tors. Linear regression analysis was performed to correlate
the vasodilative effects of acetylcholine and nitroglycerin
administration. Linear regression analysis was also per-
formed for any of the continuous variables that reached sta-
tistical significance.
Results
At the time of follow-up, all the patients were free of
symptoms. At the angiographic examination, 23 of 23
LITAs were patent and without stenosis. Four patients
did not complete the acetylcholine test for the follow-
ing reasons: selective engagement of the LITA not ade-
quately stable (2 patients) and individual hypersensitiv-
ity at the test dosages (chest pain or ischemic
electrocardiographic changes without evident angio-
graphic abnormalities, 2 patients).
In the remaining 19 patients, the mean diameter of
the LITA increased from 2.86 ± 0.34 mm at baseline to
3.05 ± 0.38 mm (+6.8%; P < .001; 95% confidence
interval, –0.27 to –0.10) after acetylcholine administra-
tion and to 3.11 ± 0.40 mm (+9.0%; P < .001; 95%
confidence interval, –0.35 to –0.15) after nitroglycerin
administration (Fig 1). Hemodynamics did not vary
significantly during acetylcholine and nitroglycerin
administration.
A strong correlation was found between vasodilation
after acetylcholine and nitroglycerin administration (R:
0.88; P < .001; Fig 2)
At univariate analysis, age was the only predictor of
a different vasodilative response of the LITA to
acetylcholine administration (P = .001). None of the
other clinical features and atherosclerotic risk factors
showed a significant association with vasodilation
after acetylcholine administration; thus, a multivari-
able analysis was not performed. In particular, the age
of the graft was not associated with an impairment in
the vasodilative response to acetylcholine administra-
tion (P = .39). The individual change in diameter ver-
sus baseline and the age of the patient were inversely
correlated (R: 0.69; P < .001; Fig 3).
At univariate analysis, age was again the only predictor
of a different vasodilative response of the LITA to nitro-
glycerin administration (P = .001). According to univari-
ate analysis, the type of anastomosis (single or sequen-
tial) was also associated (P = .096) but, at a multivariable
analysis including both these factors, only the age of the
patient was found to be a significant factor (P = .001) for
vasodilation after nitroglycerin administration.
Discussion
This study demonstrates that, in vivo, the pedicled
LITA shows a long-term functional integrity after
CABG.
Several experimental studies demonstrated that iso-
lated rings of internal thoracic arteries (ITAs) from
patients who were submitted to surgical intervention
show relaxation in response both to endothelium-
dependent (acetylcholine, thrombin, adenosine) and to
endothelium-independent mediators (sodium nitro-
prusside, glyceryl trinitrate); the presence of an intact
endothelial layer is also able to prevent serotonin-
induced vasoconstriction.11-14
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Fig 1. The mean diameter of the LITA at baseline, after
acetylcholine (AC) administration, and after nitroglycerin
(NTG) administration. Mean ± SD for each phase is also
shown. A significant increase was found after both treatments
(P < .001).
In accordance with these findings, the present study
shows a preserved vasomotor response of the LITA
after operation, both to endothelium-dependent and to
endothelium-independent stimuli.
The presence of several risk factors is known to wors-
en the clinical outcome of subjects with coronary artery
disease.15 Patients who undergo CABG usually have an
advanced grade of atherosclerosis. Although it is rea-
sonable to assume that ITAs may be involved in the dis-
ease process, no conclusive results were found on the
influence of diffuse atherosclerosis on the normal func-
tion of the LITA. In fact, although Tanaka and col-
leagues16 showed that free ITAs have a normal pattern
of vasomotion regardless of the extent of coronary
artery disease, Berkenboom and colleagues17 found an
impaired acetylcholine-induced vasomotor response in
ITAs of patients with severe coronary atherosclerosis.
In our study group, LITAs appeared to be free from
angiographically detectable stenosis and subclinical ath-
erosclerosis, despite the presence of severe coronary ath-
erosclerosis, and they showed a preserved vasodilative
response, even in the presence of multiple risk factors.
In an experimental model, Voors and colleagues18
have demonstrated a relationship between endotheli-
um-dependent relaxation in apparently nondiseased
LITAs used for operation and preoperative low-densi-
ty lipoprotein cholesterol levels. In our setting, hyper-
cholesterolemia was not predictive for an impairment
of the endothelial function of the LITA. Moreover, no
abnormal response to acetylcholine administration
was found in the presence of other risk factors, such
as systemic hypertension, diabetes mellitus, and
smoking before the operation. Therefore, these results
suggest that, unlike other arterial regions, LITAs show
a different and slower progression of the atheroscle-
rotic process.
Our findings confirm the results of previous studies on
the functional behavior of ITAs after CABG and allow
further interpretations in a clinical prospective. In the
study group of Hanet and colleagues,19 ITA grafts
showed a better vasodilator reserve than vein grafts.
Gurné and colleagues20 also demonstrated a vasodilative
effect of nitrates and papaverine on grafted ITAs early
and late after the intervention. Although all these investi-
gations showed a preserved vasodilative response, they
provided only indirect evidence about the endothelial
function of ITAs after surgical intervention.
Although the use of a LITA as a pedicled graft allows
the maintenance of its anatomic integrity, it alters its
functional flow parameters. In fact, the LITA is a resis-
tance conduit with mainly systolic blood flow when in
situ. After operation, the LITA immediately shows the
characteristics of a conductance conduit, with a preva-
lent diastolic flow comparable with that of the epicar-
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Fig 2. Correlation between vasodilation of the LITA (percent
vs baseline values) after nitroglycerin (NTG) and acetyl-
choline (AC) administration. Nitroglycerin- and acetyl-
choline-induced vasodilation appeared significantly correlat-
ed (P < .001).
Fig 3.  Correlation between vasodilation of the LITA (percent
vs baseline values) after acetylcholine (AC) administration
and the age of the patient. The acetylcholine-induced vasodi-
lation appeared to reduce progressively as the age increased
(P < .001).
dial coronary arteries.21 Any modification in flow
behavior might lead to endothelial dysfunction. An
additional cause for disturbed endothelial function may
be related to manipulation during surgery. 
After acetylcholine infusion, Werner and col-
leagues22 found a significant vasodilation of ITA grafts,
even if vasoconstriction occurred in coronary segments
distal to the anastomosis. In contrast with these results,
Hartmann and colleagues23 found only a nonsignificant
change in arterial graft diameter after acetylcholine and
nitrate administration, despite a significant reduction of
coronary resistances in the supplied area. In that study,
the authors hypothesized that the longer time of follow-
up (more than 3 years) could be responsible for the
inconclusive findings and may suggest that, in the long
term, the grafted ITA loses the capability to react to
vasoactive stimuli.
This notion, however, is not supported by our study,
in which the grafted LITAs showed a preserved
vasodilative response both to endothelium-dependent
and -independent mediators, despite the long period of
follow-up (range, 6 months to 5 years). The functional
integrity of the LITA appeared to be related only to the
age of patients but not to the age of the graft at the time
of the acetylcholine test. Therefore, the surgical manip-
ulation and the subsequent alteration in flow pattern do
not seem to accelerate the aging process of the LITA.
Nevertheless, the fact that the vasodilative response to
acetylcholine administration in each patient was close-
ly related to the vasodilative effect of nitrates suggests
that, in elderly patients, the physiologic release of
endothelial nitric oxide is preserved and that only
intrinsic properties of the media layer could be respon-
sible for the variability in vasodilation.
The present study has 2 limitations. First, we did not
analyze the response to acetylcholine administration of
the coronary district in the area supplied by the LITA.
This analysis was beyond the purpose of the study
because the presence of atherosclerosis was implicit in
that district. Another limitation is the small number of
patients, because of the restrictive selection criteria.
In conclusion, endothelium-dependent vasodilative
response to acetylcholine administration is preserved in
the LITA after operation. Common risk factors, except
for older age, do not affect the functional integrity of
the arterial graft. The vasodilative properties of the
graft depend on the age of the patient and do not dete-
riorate over time after operation. Our results confirm
and may give an explanation for the excellent long-
term clinical and angiographic outcomes of LITA
grafts. The anatomic and functional characteristics of
the LITA late after the operation strongly support the
continued use of ITA grafts, regardless of the presence
of multiple risk factors and severe atherosclerosis.
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